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DESCRIPTION 



METHOD FOR FORMING COMPOUND SEMICONDUCTOR LAYER AND 
COMPOUND SEMICONDUCTOR APPARATUS 

TECHNICAL FIELD 



The present Invention relates to a method for 
forming a compound semioonduotor layer, and more 
specifically to a method for forming a group III-V 
compound semiconductor layer containing at least nitrogen 
and arsenic as a group V element. 



BACKGROUND ART 



Recently, as group Ill-V compound semiconductor 
materials "having a significantly wider field of use as 
optoelectronics materials, group lli-v compound 
semiconductor materials containing arsenic as a group V 
element (GaAs, GalnAs. etc.) and nitrogen mix- 
crystalliaed therewith have been proposed. 

Japanese Laid-Open Publication No. 6-37355 
(first conventional example) discloses Gai.yInyN,ASi.,- 
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based compound mix crystal sernlconductor materials ( z 
■ about 0»04) as new semiconductor materials which are 
lattice-matched to a GaAs substrate. It is shown that 
use of such semiconductor materials allows a 
semiconductor laser for emitting light in a long 
wavelength band Cl-3 to 1,55 |xm) to be produced on a 
low-cost GaAs substrate r which is conventionally 
impossible. 

PHOTONICS TECHNOLOGY LETTERS, VOL* 10, NO. 4, 
Apr. 1998, page 487 (second conventional example) 
discloses producing a semiconductor laser structure on 
a GaAs substrate. The semiconductor laser structure 
includes an active layer formed of a quantum well layer 
which is formed of Gao^vIno^gNo^oiASc^.^ and a guide layer, and 
the active layer is tield between upper and lower cladding 
layers formed of Alo.3Gao,7As * It is reported that such a 
semiconductor laser realizes continuous oscillation for 
light having a wavelength of 1.3 1 ^m at room temperature. 
This is the first report that such a continuous 
oscillation is realized by a semiconductor laser formed 
of materials lattice-matched to a GaAs substrate. 

For crystal growth of these new semiconductor 
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materials, ^ molecuXar beam epitaxy (MBB) method or an 
metal organic cheinioal vapor deposition (MOCVD) method 
is used. Usable nitrogen ^source materials include, for 
example, dlmethylhydrazine (DMeHy) and nitrogen gas (N3) 
5 activated by plasma. Crystal growth is conducted by 
concurrently supplying Ga, In and As source materials and 
the nitrogen source matorial(s) described above • 

Such group II I -V compound crystal semiconductor 
materials containing a group III-V compound semiconductor 
having arsenic as a group V element and also containing 
nitrogen as a group V element mix- crystallized therewith 
have not been actively studied until recently. The 
reason is that it is difficult to grow crystals of such 
semiconductor materials . 

For example, GaAsN Is considered to be a mix 
crystal of GaN containing only N as a group V element and 
GaAs containing only arsenic as a group V element. This 
20 mix crystal system have a very large immiscible region 
(misciblity gap). Therefore, it is difficult even to 
introduce only several percent of N with GaAs - Thus^ it 
is necessary to carefully select a method and conditions 
for crystal growth. It is reported that especially 



10 



15 
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Introducing nitrogen with GaAs Is significantly 
influenced l?y a substrate temperature during crystal 
growth- As a substrate temperature for such crystal 
growth, about 500**C is usually selected. The temperature 
5 of 500*^0 Is relatively low as a crystal growth temperature 
of a group III-V compound semiconductor. 

Jpn. J. Appl. Phys. Vol. 36, No. Dec. X997, 

page L1572 (third conventional example) shows correlation 

10 between the substrate temperature during crystal growth 
and a nitrogen-mix crystal ratio in the crystal in the 
case where GaAsN containing monomethylhydrazine (MMeHy) 
as an N source material is crystal-grown- When the 
substrate temperature is lower than 500*^0, MMeHy is not 

IS sufficiently thermally decomposed. Therefore, only a 
small amount of nitrogen is introduced. By contrast, 
when the substrate temperature is higher than 500*C, the 
nitrogen source material is thermally evaporated 
significantly, such that nitrogen is not introduced into 

20 GoAs. It is reported that N can be introduced into the 
crystal most efficiently at a substrate temperature of 
about 50Q*'C for these reasons. 



In the second conventional example, plasma- 
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decomposed Na is used as a nitrogen source material- In 
this example also, about 500^C is selected as a crystal 
growth temperature. 

Novel compound semiconductor materials 
containing nitrogen mix-crystallized with^ for example, 
GaAs or GalnAs are used for an active layer of a 
semiconductor laser* One such exeimple is described above , 
in which a GalnNAs layer Is used for an active layer of 
a semiconductor laser. A semiconductor laser using such 
a compound semiconductor material does not necessarily 
provide superior light emission characteristics over an 
equivalent structure using a compound semiconductor 
material not containing nitrogen. For example, in the 
publication showing the above-described second 
conventional example, semiconductor lasers having 
structures similar to one another are produced- One of 
these semiconductor lasers uses GalnAs not containing 
nitrogen for an active layer (quantum well) , and the other 
semiconductor laser uses GalnNAs containing nitrogen* 
It is reported that when 1% of nitrogen is contained, the 
oscillation threshold current becomes four times larger 
and the light emission efficiency is reduced to about 2/3 • 
It is also reported that when a small amount of nitrogen 
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Is contained^ the light emission efficiency Is 
drastioeilly reduced. 

As one cause of reduction in the light emission 
efficiency, it can be pointed out that the crystal growth 
temperature is too low according to the conventional 
crystal growth method and therefore crystals having 
sufficient orystallinity are not obtained. 

For example, in the case of GaAsN, a crystal Is 
produced by Introducing N into GaAs by causing crystal 
growth to proceed in a state of non- equilibrium at a low 
growth temperature (about SOO^C) . Such a crystal cannot 
be produced in a state of thermal equilibrium- GaAsN can 
be considered to be a mix crystal of GaAs and GaN, The 
optimum growth temperature of GaAs is SOC^C to TSO'^C, and 
the optimum growth temperature of GaN is 900 to lOOO'C, 
As compared to these temperatures^ about 500*^0 cannot be 
considered to be the optimum growth temperature for 
GaAsN-based compound mix crystal semiconductor 
materials . 

It is assumed, for ex2«nple, that In a 
semiconductor laser including an active layer and upper 
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lower Gladding layers sandwiching the active layer ^ 
the active layer is formed of GalnNAe and the upper and 
lower cladding layers are formed of , for example , AlGaAs , 
Galnp, InGaAsP or AlGalnP. For producing such a 
5 semiconductor laser, the crystal growth temperature for 
the upper and lower cladding layers formed of 
Ali^Gailn^.h-tAs^P^.j (haiO, i>0, 3:*0)is usually set to 
he a low substrate temperature (about 500*'C) in conformity 
with the crystal growth temperature for the GainNAs active 

10 layer. As described above, the cladding layers 
crystal- grown at such a low substrate temperature do not 
have sufficient crystalllnlty • Unless the lower 
cladding layer formed of AlhGailni^h.^As^Pi.j (h a 0, i > 0, 
j 0) which acts as an underlying layer of the GainNAs 

15 active layer has sufficient crystallinity^ the crystal 
defect of the lower cladding layer is transferred to the 
GainNAs active layer which is crystal- grown on the lower 
cladding layer. Accordingly, when a laser structure is 
produced at such a low temperature , satisfactory liglit 

20 emission characteristics cannot be provided, and the 
laser device deteriorates quickly* Such a conventional 
low temperature crystal growth method is considered to 
be performed in order to meet a requirement for provision 
of a novel material by introducing nitrogen rather than 
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a requirement for improvement in the light emission 
characteristics by growth of GaAsN or GalrxNAs at a high 
temperature. 

As an attempt to improve light emission 
characteristics^ there is a report on the effect of heat 
treatment performed after the crystal growth. The 
abstract of Jpn. J. Appl* Phys, Spring 1998^ 28p-ZM*l2 
reports that the light emission intensity becomes 25 times 
higher by heating GaAsN (nitrogen corapoeition 
ratio* 0-79%) at 700*'c for io minutes in a hydrogen 
atmosphere. However, the studies of the present 
inventors found that the laser characteristics of a 
semiconductor laser using GalnNAs for an active layer 
cannot be improved to a practically usable level by merely 
performing heat treatment after the crystal growth. The 
studies of the present inventors also found that means 
for providing a satisfactory crystal structure during 
crystal growth is necessary instead of such a treatment 
performed after the crystal growth, 

DISCLOSURE OF THE INVENTION 

The present invention has an objective of solving 
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ttie above -described problems • Namely^ It Is an objective 
of the present invention to provide a method for forming 
a group III*V compound semiconductor layer containing a 
group III-V compound semiconductor having arsenic as a 
5 group V element and also containing nitrogen mix- 
crystallized therewith, the group III-*V compound 
semiconductor layer having satisfactory light emission 
characteristics . 

■A 

A method for forming a compound semiconductor 
layer according to the present invention includes the step 
of crystal -growing a group III-V compound semiconductor 
layer containing at least nitrogen and arsenic as group 
V elements on a single crystal substrate- The step o£ 
crystal -growing the compound semiconductor layer 
includes the step of supplying a nitrogen source material 
to the single crystal substrate so that the nitrogen 
source material interacts with aluminum at least on a 
crystal growth surface of the compound semiconductor 
layer . 

In another aspect of the Invention, a method for 
forming a compound semiconductor layer according to the 
present invention includes the step of crystal-growing 
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a group III-V compound semiconductor layer containing at 
least nitrogen and arsenic as group V elements on a single 
crystal substrate. The step of crystal-growing the 
compound semiconductor layer Includes the step of 
5 supplying an aluminum source material to the single 
crystal substrate concurrently with a nitrogen source 
material. 

In still another aspect of the invention, a method 
10 for forming a compound semiconductor layer according to 
the present invention includes the step of crystal- 
growing a group III-V compound semiconductor layer 
containing at least nitrogen and arsenic as group V 
elements on a single crystal substrate. The step of 
15 crystal- growing the compound semiconductor layer 
includes the step of supplying a nitrogen source material 
to a crystal surface of the compound semiconductor layer 
in a state where the group III atoms containing aluminum 
are exposed to the crystal surface* 

20 

In one preferable embodiment, an aluminum-mix 
crystal ratio in a group III element in the compound 
semiconductor layer ie 0.02 or higher. 
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In one preferable embodiment, the step of 
crystal-growing the compound aemlconduotor layer is 
performed at a temperaturo-of the single crystal substrate 
in the range of 500*C or higher and 750''C or lower, and 
more preferably in the range of 60 0**C or higher and 7S0*'c 
or lower* 

In one preferable embodiment* the nitrogen source 
material contains 



1' "l Rj 



R2 Rs ^{ \^ 



Where R^, R^, R3 and R4 are hydrogen or a lower alkyl group. 

In one preferable embodiment, more than 0% and 
less than 50% of the crystal growth surface of the compound 
semiconductor layer la covered with group V atoms* 



In one preferable embodiment, the step of 
crystal -growing the compound semiconductor layer further 
Includes the step of supplying a group III source material 
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containing aluminum and, the step of supplying an arsenic 
source material, wherein a process sequentially including 
the step of supplying the group HI source material, the 
step of supplying the nitrogen source material, and the 
step of supplying the arsenic source material is performed 
at least once. 

In one preferable embodiment, the single crystal 
substrate has a {100} plane as a principal plane. 

In one preferable embodiment, the step of 
crystal-growing a layer formed of AluGailnx.h-iASjPi.j (h 
0,l>0^jfcO)on the single crystal substrate is further 
included- The step of crystal-growing the compound 
semiconductor layer and the step of growing the crystal 
foirmed of Alj^Ga^Ini.ii.iASjPi.j are performed at the same 
temperature. 

In one preferable . embodiment, the step of 
crystal-growing the compound semiconductor layer is 
performed after the step of crystal-growing the layer 
formed of AlhGailni.ft.t-^SjPx-j - 

In one preferable embodiment, the step of 



- 13 - 



98R00651 



crystal -growing the compound semiconductor layer is 
performed before the step of crystal-growing the layer 
formed of Aluea^Ini.jj.iAs^Pi^j - 

In one preferable embodiment^ the compound 
semlaonductor layer further contains indium. 

A compound semiconductor apparatus according to 
the present invention includes at least one group IXl-V 
compound semiconductor layer containing at least nitrogen 
and arsenic as group V elements. The compound 
semiconductor layer is formed In accordance with any one 
of the methods for forming a compound semiconductor layer 
described above- 

In one preferable embodiment, the compound 
semiconductor apparatus is a light emitting device 
including at least a light emitting layer, and the light 
emitting layer Includes the compound semiconductor layer* 

In one preferable embodiment, the light emitting 
layer le formed of Al^Gaylni.^.yN^sAs^,, (0 < x, y, z < 1), and 
an Al-mix crystal ratio x in the light emitting layer is 
0.02 or higher and O - 20 or lower, and more preferably 0,02 
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or higher and 0,10 or lower. 

In one preferable embodiment , the light emitting 
device fxarther includes a cladding layer, a guide layer 
and/or a barrier layer formed of AlhGailn^^ii^iAs^Pj^^j (h ss o, 
1 > 0, 3 i 0)* 

Hereinafter, the function of the present 
invention will be described. 

According to the present Invention, a nitrogen 
source material is supplied to a single crystal substrate 
so that the nitrogen source material interacts with 
aluminum at least on a crystal growth surface of a compound 
semiconductor layer. Therefore, a decomposition 
reaction of the nitrogen source material on the surface 
of the substrate is promoted, and thus thermal evaporation 
of nitrogen is suppressed. Consequently, even when the 
crrystal growth temperature is raised to be relatively high 
{600'^C or higher and 7S0**C or lower), a sufficient amount 
of nitrogen is introduced. As a result, a crystal having 
satisfactory crystalllnlty and especially satisfactory 
light amission characteristics can be provided* A 
crystal formed of AlGaAs, GalnP, InGaAsP or AlGainP has 
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satisfactory arystallinlty as a result of being 
crystal-grown at a relatively high temperature which is 
equal to the above crystal growth temperature- 
Accordingly, for producing a multi-layer film containing 
such a crystal layer on at least one surface of a group 
III-V compound semiconductor crystal layer, the growth 
temperature of the group III-V compound semiconductor 
crystal can be adjusted to be in a temperature range which 
is optimum for the above-described materials- Thus, the 
growth temperature of the mult i- layer film can be 
maintained so as to be high. Therefore, a hetero junction 
of high quality crystals can be formed. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 is a schematic cross -/gtectlonal view 
illustrating a single quantum well structure produced in 
Examples 1 through 15 and 17 through 19, and Comparative 
examples 1 through 14. 

Figure 2 is a graph illustrating the dependency 
of the nitrogen-mix crystal ratio of a well layer on the 
Al-mix crystal ratio, the well layer being crystal-grown 
in Examples 1 through 5 and Comparative example 1 at a 
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constant growth temperature under constant aouroe supply 
conditions . 

Figure 3 is a graph illustrating the dependency 
5 of the nitrogen-mix crystal ratio of a well layer on the 
growth temperature^ the well layer toeing crystal -grown 
under constant source supply conditions. Line (a) is a 
plot of the results of Examples 1, 6 through 9 and 
% Comparative examples 2 and 3 in which an Al source material 

10 is contained^ and line (b) is a plot of the results of 
pi Comparative examples 4 through 7 in which no Al source 

material is contained. 

13 Figure 4 is a graph illustrating the dependency 

g 15 of photoluminescence light emission intensity of a 

5 crystal containing 1% of nitrogen mix-crystallized {z = 

1^ 0,01) on the growth temperature. Line (a) is a plot of 

the results of Examples 10 through 14 and Comparative 

examples 8 and 9 in which an Al source material is contained, 
20 and line (b) is a plot of the results of Comparative 

examples 10 and 11 in which no Al source material is 

contained - 



Figure 5 is a graph illustrating a change in the 
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concentration of nitrogen wHich is introduced in a film 
when the stipply amount of As changes while the growth 
temperature and s^upply amounts of source materials other 
than As are maintained in Example 1 and Comparative 
eacamples 12 through 14. 

Figure 6 is a diagram illustrating a source 
material supply sequence for growing a well layer in 
Example 15. 

Figure 7 is a schematic cross-sectional view of 
a semiconductor laser produced in Example 16 seen from 
a light emission surface of the laser. 

Figure 8 is a graph illustrating the relationship 
between the Al, N and In-mix crystal ratios in an AlGalnNAs 
well layer in a semiconductor laser for emitting light 
having a wavelength of 1.3 jxm. 

Figure 9 is a graph illustrating the dependency 
of oscillation threshold current of a semiconductor laser 
produced m Example 16 on the Al-mix crystal ratio in a 
well layer of the semiconductor laser. 
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BEST MODE FOR CARRYING OUT THE INVENTION 
Examples of the present Invention will be 
described in detail together with Comparative examples . 

(Example 1) 

In this example, as shown in Figure 1^ a 
multi-layer film 10 having a single quantum well structure 
is crystal -grown on a GaAs substrate 1 using an MBE 
(molecular beam epitaxy) method. The mult i- layer film 
10 includes an Alo.sGap.sAs lower barrier layer 2 having a 
thickness of about 0.5 jm, an Alo^osG^o.^No^oLsAs^^oas well 
layer (light emission layer) 3 having a thickness of about 
6 nm, and an Alo.5Gao.5As upper barrier layer 4 having a 
thickness of about 0,1 Jim, which are laminated- 

Hereinafter, a method for forming a compound 
semiconductor layer in this example will be described. 
The method is different from the conventional methods in 
that an appropriate amount of Al source material is added 
during the crystal growth of the light emission layer in 

this example. 

♦ 

An MBE apparatus containing metal Ga, metal Al and 
AS4 as solid, aouroes, and DMeHy (dimathylhydrazine ) ae a 
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gas source was used to supply these materials to a chamber. 
The substrate 1 was Irradiated with a molecular beam of 
each source material while maintaining the temperature 
of the GoAs substrate 1 having a {100} plane as a principal 
5 plane at 650**C, thereby performing crystal growth. Thus, 
the single quantum well structure shown in Figure 1 was 
produced. The strength of each molecular beam for 
crystal growth toy the MBE method was as follows: Ga: about 
3*6 X 10'' torr; Al: about 1.9 x 10'* torr for growing the 

10 well layer 3 and about 3.3 x 10'' torr for growing the 
barrier layers 2 and 4: AS4: about 4.7 x 10'* torr; and 
DMeHy: about 3.6 x 10"* torr. Throughout the crystal 
growth process, all the necessary source materials were 
concurrently supplied. Especially for producing the 

15 AlGaNAs well layer 3, it was important to concurrently 
supply Al and DMeHy as described below with reference to 
Figures 2 through 4. 



In this manner, the Alo.jGao.sAs lower barrier layer 
20 2, the Ala.o^GaQ.jjsNo.oisASo^oas well layer (light emission 
layer) 3, and the Alo.jGao.sAs upper barrier layer 4 wore 
sequentially crystal-grown on the GaAs substrate 1. In 
the light emission layer 3 of the multi-layer film 10^ 
the aluminum-mix crystal ratio was 0.05, and the 
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nltrogen-tnix crystal ratio was 0.015- The composition 
of Alo^oaGao.^jNo.oi^Aso.aaa forming the wall layer 3 has an about 
-0.3% of tensile strain with respect to the GaAe 
substrate. 

As a result of measuring photoluminesoenoe of the 
thus produced multi-layer film at room temperature, it 
was confirmed that the multi- layer film emits light having 
a wavelength of about 1.26 \m and that the produced 
Alo.jGao.sAs/AlGaNAs/Alo^aGao^aAs structure has a single 
quantum well stxnoture. The half width of the emission 
spectrum was sufficiently small at 25 meV. There was no 
non-uniformity in the light emission wavelength or light 
emission intensity in the sample surface^ and the surface 
was highly smooth* Thus, it was confirmed that a high 
quality crystal is obtained. 

(Examples 2 through 5) 

Multi-layer ' films were produced in a similar 
manner to that of Example 1 except that the strength of 
the molecular beam of the Al source material (metal Al) 
during the growth of the well layer in the crystal growth 
process was adjusted to about 7.3 x 10"* torr, about 4*0 
X 10"" torr, about 6*3 x 10'* torr and about 8*8 x 10^* torr 
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so as to provide Al-m±x crystal ratios of 0.02, 0.1, 0.15 
and 0.2, respeatively . The measurement results of the 
nitrogen -mix cjryetal ratios in the well layer of these 
multi-layer films are shown in Figure 2. 

(Comparative example 1) 

A multi- layer film was produced in a similar 
manner to that of Example 1 except that the Al-mix crystal 
ratio was zero by not supplying Al souroe material during 
the crystal growth process. The nitrogen-mix crystal 
ratio in the well layer of the multi- layer film is shown 
in Figure 2* 

Hereinafter, Examples 1 through 5 and Comparative 
example 1 will be discussed with reference to Figure 2, 
Figure 2 is a graph illustrating the dependency of the 
nitrogen-mix crystal ratio in the well layer on the supply 
amount of Al when crystal growth was performed under 
constant source supply conditions. When the Al source 
material was added in such an amount that the Al-mix 
crystal ratio in solid phase substantially exceeded 2% 
(Al-mix crystal ratio x » o*02), the introduction amount 
of nitrogen increased and thus the effect of adding the 
Al source material was exhibited ♦ 
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(Examples 6 through 9) 

Multi-layer films were produced in a similar 
manner to that of Example 1 except that the substrate 
temperature during the crystal growth process was set to 
be 500**C, 550*^0, 600**C and 750*'C, respectively. The 
measurement results of the nitrogen-mix crystal ratio in 
the well layer of these multi-layer films are shown in 
Figure 3. 

{Comparative examples 2 and 3) 

Multi-layer films were produced in a similar 
manner to that of Example 1 except that the substrate 
temperature during the crystal growth process was set to 
be 400^C and 450*'C , respectively • The measurement results 
of the nitrogen-mix crystal ratios in the well layer of 
these multi- layer films are shown in Figure 3. 

(Comparative examples 4 through 7) 

Multi- layer films were produced in a similar 
manner to that of Example 1 except that no Al source 
material was supplied and that the substrate temperature 
during the crystal growth process was set to be 450**C, 
500*^0, SSO'^C and 600^C, respectively. The measurement 
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results of the nitrogen-mix crystal ratios in the well 
layer of these multi-layer films are shown in Figure 3. 

Hereinafter, Examples 1, 6 through 9 eind 
5 Comparative examples 2 through 7 Will bo discussed With 
reference to Figure 3. 

Figure 3 is a graph illustrating the dependency 
of the nitrogen-mix crystal ratio in the well layer on 
10 the growth temperature. In the figure, line (a) is a plot 
of the results of Examples 1, 6 through 9 and Comparative 
examples 2 through 3 in which Al was contained.* and line 
(b) is a plot of the results of Comparative examples 4 
through 7 in which Al was not contained. 

IS 

When Al was not contained, the nitrogen-mix 
crystal ratio was maximum at the substrate temperature 
of about 500**C, and the nitrogen-mix crystal ratio was 
lower when the substrate temperature was either higher 
20 or lower than tUls . In siunples obtained by performing 
crystal growth at 450*0 and eoo'C, the nitrogen-mix 
crystal ratio was not detected in an amount which can be 
detectable as a part of the composition. The reason is 
that when the substrate temperature is too low, the source 



- 24 - 



98R00651 



material Is not sufficiently thermally decomposed; and 
when the substrate temperature is too high, the nitrogen 
source material, which is .physically adsorbed to the mix 
crystal is thermally evaporated. In the case where 
nitrogen is contained in a compoxxnd semiconductor 
containing indixm as a group III element, it is difficult 
to raise the substrate temperature. 

In the case where Al was contained^ the 
introduction amount of nitrogen was maximum at the 
substrate temperature of 500**C as in the case where no 
Al was contained. However, even when the substrate 
temperature was higher than this^ the introduction amount 
of nitrogen was not significantly reduced. It was found 
from Figure 3 that when Al was contained, the introduction 
amount of nitrogen was improved in the range of the 
substrate temperature of 450**C through 750*^0, as compared 
to the case where no Al was contained. It was also found 
that the substrate temperature can be raised to the 
vicinity of 600 to 7 50**C, which is the optimum growth 
temperature range for AlGaAs, InGaP, InGaAsP, AlGalnP and 
the like. The nitrogen-mix crystal ratio was high even 
at a substrate temperature of lower than 500°C (for escample^ 
450*C) when Al was contained, unlike when Al was not 
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contained^ for the following reason* Since the Al source 
material, which has a high reactivity, was supplied 
concurrently with the „ nitrogen source material, 
decomposition of the source materials on the surface of 
5 the substrate was promoted. The nitrogen-mix crystal 
ratio was increased when the substrate temperature was 
higher than 500^0 and also was unlikely to be reduced in 
accordance with a rise in the substrate temperature, 
unlike when Al was not contained, for the following reason- 

10 Since Al is not substantially thermally evaporated, a 
crystal containing Al Itself is unlikely to be thermally 
etched. Specifically, generation of A1*N bonds having 
a strong bonding force during the crystal growth 
suppresses thermal leaving of nitrogen. When the 

15 substrate temperature was higher than 750**C, thermal 
evaporation of Ga was excessive, and thus it was difficult 
to produce a crystal having a flat surface* 

(Example 10) 

20 A multi- layer film was produced in a similar 

manner to that of Example 1 except that the strength of 
the molecular beam of the N source material (DMeHy) during 
the crystal growth was adjusted to be about 2.4 x 10'^ torr 
so as to provide a nitrogen-mix crystal ratio of o.oi. 
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TJie mea^surement result of photolumlnescence light 
eitiisslon Intensity of this multi-layer film is shown In 
Figure 4 as value 

(Examples 11 through 14) 

Mult i- layer films were produced In a similar 
manner to that of Example 10 except that the substrate 
temperature during the crystal growth was set to be 50 0°c, 
550*'C, 600^C and 750^C respectively and that the strength 
of the molecular beam of the nitrogen source material 
(DMeHy) was appropriately changed in order to provide a 
nitrogen-mix crystal ratio of 0.01 as in Example 10. The 
measurement results of photolumlnescence light emission 
intensity of these multi- layer films are shown in Figure 
A, with the results of Example 10 used as a reference* 

(Comparative examples 8 and 9) 

Multl- layer films were produced In a similar 
manner to that of Example 10 except that the substrate 
temperature during the crystal growth was set to be 400*'C 
and 450''C respectively and that the strength of the 
molecular beam of the nitrogen source material (DMeHy) 
was appropriately changed in order to provide a 
nitrogen-mix crystal ratio of 0,01 as in Example 10 • The 
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measurement results of photolumlnescence light emission 
intensity of these multi-layer films are shown in Figure 
A, with the results of E^Rample 10 used as a reference • 

(Comparative examples 10 and 11) 

Mult i- layer films were produced in a similar 
manner to. that of Example 10 except that no Al source 
material was supplied, that the substrate temperature 
during the crystal growth was set to be SOD^'C and 550^*0 
respectively, and that the strength of the molecular beam 
of the nitrogen source material (DMeHy) was appropriately 
changed in order to provide a nitrogen -mix crystal ratio 
of 0,01 as in Example 10* The measurement results of 
photoluminescence light emission intensity of these 
multi-layer films are shown in Figure 4, with the results 
o£ Example 10 used as a reference. 

Hereinafter, Examples 10 through 14 and 
Comparative examples 8 through 11 will be discussed with 
reference to Figure 4. 

Figure 4 is a graph illustrating the dependency 
of the photoluminescence light emission intensity of a 
crystal containing 1% of nitrogen izt 0.01) on the growth 
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temperature. In the figure, line (a) ist a plot of the 
results of Examples 10 through 14 and Comparative examples 
8 and 9 in which Al was contained; and line (b) is a plot 
of the results of Comparative examples 10 and 11 in which 
5 Al was not contained* 



When Al was not contained, as can be appreciated 
from Figure 3^ at a substrate temperature of higher than 
550°C, it was difficult to introduce nitrogen and 

10 therefore it was difficult to produce a crystal itself • 
As can be appreciated from Figure 4, at a substrate 
temperature of higher than 550**C, it was difficult to grow 
a crystal and therefore the light emission intensity wais 
reduced. When Al was contained, as can be appreciated 

15 from Figure 3, crystal growth Is possible at a substrate 
temperature of up to 750*^0. Thus, a sufficient amount of 
nitrogen can be introduced even at a higH substrate 
temperature. From Figure A, it was found that the light 
emission intensity is improved than when Al was not 

20 contained in the range of the substrate temperature of 
•500*c to 750*'C. It was found that the light emission 
intensity is high especially at a substrate temperature 
of 600*^0 or higher. In the conventional methods , priority 
was put on increasing the Introduction amount of nitrogen. 
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and for this purpose, crystal growth was Intentionally 
performed at a low substrate temperature (SOO^'C) so as 
to cause the crystal growth to proceed in a more non- 
equilibrium state • According to the present invention, 
unlike the conventional methods, nitrogen can be 
introduced at a higher temperature. Therefore, crystal 
growth can be performed in a temperature range whioh is 
close to an optimum growth temperature for GaAsN-based 
mix oirystal materials* 

As described above, as can be appreciated from 
Examples 1, 6 through 9, Comparative examples 2 through 
7, Examples 10 through 14 > and Comparative example© 8 
through 11 with reference to Figures 3 and A, the substrate 
temperature at which a sufficient amount of nitrogen can 
be introduced and satisfactory light emission 
characteristics are obtained is 500*C or higher and TSO^'C 
or lower, and more preferably 600*C or higher and 750''C 
or lower* 

(Comparative examples 12 through X4) 

Multi- layer films were produced in a similar 
manner to that of Example 1 except that the strength of 
the molecular beam of As^ during the crystal growth process 
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was set to be about s.o x lo'* torr, about 2.0 x lO""* torr, 
and 3.0 X 10"* torr, respectively. The measurement 
results of the nltrogfen-inix crystal ratios In the well 
layer of these multi-layer films are shown In Figure 5. 
5 From the results of a RHEED observation* the surface 
reconstruction was (2x4) (about 7S* of the crystal growth 
surface was covered with arsenic and nitrogen as group 
V elements ) ♦ 

10 Hereinafter, Example 1 and Comparative examples 

12 through 14 will bo discussed with reference to Figure 
5. Figure 5 is a graph Illustrating the nitrogen-mix 
crystal ratio in a well layer when the supply amount of 
AS4 was changed while maintaining the supply amount of the 

15 source materials other than AS4 and the growth temperature . 
It was found from Figure 5 that the conditions of supplying 
As^ Influences the crystal growth ln addition to the supply 
amount of Al and the growth temperature. Figure 5 also 
shows the pattern of surface reconstruction obtained from 

20 the results of a RHEED observation during the growth. 
Under the growth conditions of supplying an excessive 
amount o£ As^ which results in a surface reconstruction 
of (2 X 4) (about 75% of the crystal growth surface was 
covered with arsenic and nitrogen as group V elements). 
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the nitrogen -mix cryntal ratio was small. By contrast, 
under the growth conditions which result in a surface 
reconstruction of (3x1) (about 40% of the crystal growth 
surface was covered with arsenic and nitrogen) , the 
nitrogen -mix crystal ratio increased by an amount equal 
to or mora than the amount of an increase caused by the 
N/As ratio when the source materials were supplied. Under 
the conditions containing a small amount of As which 
results in a surface reconstruction of (4 x 2) (0% of the 
crystal growth surface was covered with arsenic and 
nitrogen), the surface of the resultant film was very 
rough due to generation of Ga droplets . 

It is appreciated from the above that 
decomposition of DMeHy at the surface of the crystal as 
a nitrogen source material and adsorption of the nitrogen 
atoms obtained by decomposition vary in accordance with 
the degree of exposure of the group III atoms to the surface 
during the growth* In the optimum growth conditions^ the 
group III atoms are exposed on at least a half of the 
surface (60% in Example 1) and the group III atoms do not 
generate an excessive amount of droplets. In the case 
of AlGaAsN in Example 1, a surface reconstruction of {3 
X 1) was obtained in the optimum growth conditions. This 
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was silBO true with the growth of GaAsN without Al (not 
shown), but was ospeclally noticeable when Al was 
contained as a group III element . 

In the above examples, AlGaAs/AlGaNAs/AlGaAs 
structures were produced. The upper and lower barrier 
layers may be formed of AlGaAs, containing GaAsi, having 
a different Al-mix crystal ratio, GalnP, InGaAsP, AlGalnP 
or other materials. 

In the above examples, a substrate having a {lOO} 
plane as a principal plane was used. A substrate having 
an arbitrary, but appropriate plane orientation is usable . 
For example, a substrate having {nil} A and B planes (n 
1, 2, 3, 4 • * • ) # a {110} plane^ or a plane obtained by 
inclining these planes at 2 to 15 degrees in an arbitrary 
direction is usable. 

As described above, according to a method for 
forming a compound semiconductor layer of the present 
invention, the crystal growth temperature of a group III-V 
compound semiconductor material containing both nitrogen 
and arsenic as group V elements can be higher (600** or 
higher and 750°C or lower) than that by the conventional 
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methods* Even when the crystal growth temperature Is as 
high as described above, it is possible to introduce a 
sufficient amount of nitr:pgen or indium so as to grow a 
crystal having satisfactory crystallinity and especially 
satisfactory light emission characteristics. 
Especially even at a temperature as high as the 
temperature range suitable for growing AlGaAs, GalnP, 
InGaAsP and AlGalnP having satisfactory crystallinity, 
the introduction amount of nitrogen (nitrogen-mix crystal 
ratio) is not reduced* Therefore, the present invention 
is suitable for producing a multi- layer film structure 
Including AlGaAs as a layer on at least one surface of 
a group III-V semiconductor material layer which both 
contains nitrogen and arsenic as group V elements . 
Additionally^ when nitrogen is introduced utilizing a 
decomposition reaction of a nitrogen compound source 
material on the substrate surface, decomposition 
efficiency and the introduction efficiency of the 
nitrogen source material are significantly improved owing 
to the presence Al, Which has a high reactivity, on the 
surface of the substrate. 

The above -described functions and effects were 
provided only when a small amount of Al was added to the 
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GgiAsN layer to be produced. Such special functions and 
effects ototalned by the addition of Al were not provided 
when indium (In) ao a group III element^ or phosphorus 
(P) or antimony (Sb) as a group v element was added. The 
concurrent addition of Al and In provides another effect 
of suppressing thermal evaporation of In, which has a high 
pressure when vaporized and thus is easily evaporated. 
This is convenient for precisely controlling an In 
composition in mixed-crystal materials containing In. 

( Example 15) 

In this example, as in Example 1, a multl- layer 
film 10 having a single quantum well structure is 
crystal- grown on a GaAs substrate 1 using a CBE (chemical 
beam epitaxy) method. The multi-layer film 10 includes 
an Alo^aGao.^As lower barrier layer 2 having a thickness of 
about 0*5 (xm, an Alo.„Gao,»aNo,o5ASo,98 well layer (light 
emission layer) 3 having a thickness of about 7 nm, and 
an Alo^aGao^-yAs upper barrier layer 4 having a thickness of 
about 0.1 ^m, which are laminated • 

Hereinafter, a method for forming a compound 
semiconductor layer in this example will be described. 
The method is different from the conventional methods in 
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tha.t in this example, on© process cycle, including the 
step of supplying a group III source material containing 
an appropriate amount of Al source material, the step of 
supplying a nitrogen source material to a surface o£ the 
group III source material, and the step of supplying an 
arsenic source material is repeated a plurality o£ times 
to perform crystal growth. 

A CBB apparatus containing TMGa (trimethyl 
gallium) , ASH3 (arsine) , NH^ (ammonia) and TMAl (trimethyl 
aluminum) was used to supply these source materials to 
a chamber. A crystal was grown on the substrate 1 while 
maintaining the temperature of the GeiAs substrate 1 having 
a {100} plane as a principal plane at 60 0''C- Thus, the 
above-described single quantum well structure was 
produced. The strength of each molecular beam for 
crystal growth by the CBE method was as follows t TMGa: 
about 3.5 X 10"' torr? TMAl* about 1*5 x 10"' torr for 
growing the barrier layers 2 and 4 and about 1,8 x 10" 
* torr for growing the well layer 3; AsHa! about 8.0 x 
10"* torr; and HN3: about 1.0 x lO"* torr. 

Throughout the crystal growth process, all the 
necessary source materials were concurrently supplied for 
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growing AlGaAs for the barrier layers 2 and. 4 . For growing 
an AlGaNAs layer as the well layer 3, the source materials 
were alternately supplled.in accordance with the sequence 
shown in Figure 6* The process of alternately supplying 
the sourcse materials includes step A o£ supplying a group 
III source material containing an Al source material, step 
B of supplying a nitrogen source material to a surface 
of the group III source material i an4 step C of supplying 
an arsenic source material ^ as one cycle* 

Figure 6 including parts (a) through (d) is a 
timing diagram for supplying source material gases . 
After the lower barrier layer 2 was grown by concurrently 
supplying all the source materials, alternate supply of 
the source materials was begun. First, in step A, TMGa 
and TMAl were supplied for 2 seconds, thereby forming an 
end surface of the group III source material • Next, in 
step B, NH3 was supplied for 3 seconds, thereby performing 
partial nltriding. Then, in step C, AsB^ was supplied for 
2 seconds, thereby forming one molecular layer of AlGaAsN. 
By repeating the process cycle including steps A through 
C an appropriate nvmiber of times, the AlGaNAs layer (well 
layer) 3 having a prescribed thickness was obtained* 
Thereafter, all the source materials were concurrently 
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supplied, thereby growing the upper barrier layer 4. 

In this manner, the AIo.sG^o.tAs lower harrier layer 

2, the Alo.osG^o.ssNo. 05^30,95 well layer (light emission layer) 

3, ana the Alo.3Gao.7Aa upper harrier layer 4 were 
sequentially crystal-grown on the GaAs substrate 1- In 
the light emission layer 3 o£ the multi-layer film 10, 
the aluminum-mix C2Trstal ratio was 0.05 and the 
nitrogen-mix crystal ratio was 0-05. The composition of 
Alo^oaGao.ffsNo.osASo.ps forming the well layer 3 has a -1% of 
tensile strain with respect to the GaAs substrate. 

As a result of measuring photoluminescence light 
emission intensity of samples produced in this manner at 
room temperature, it was confirmed that an 
AlGaAs/AlGaNAs/AlGaAs quantum well having satisfactory 
light emission characteristics was produced. An 
AlGaAs/GaNAs/AlGaAs quanttlm well was produced by 
supplying a nitrogen source material by a similar method 
to that of this example so as to mix-crystal nitrogen in 
a similar amount to that of this example, but without 
adding Al as in the conventional methods • ^he 
introduction amount of nitrogen was lower than that of 
this example by one order of magnitude • The multi-layer 
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film produced in this example showed no uon- uniformity 
in the light emission wavelength or light emission 
intensity, and exhibited a high light emission intensity 
and a very smooth morphology of the surface of the crystal. 

In this example, the group III source material, 
the nitrogen source material, and the arsenic source 
material were independently and sequentially supplied 
unlike in Examples 1 through 14 in which all the source 
materials were concurrently supplied. The growth method 
in this example positively utilizes that when NH^ as a 
nitrogen source material is supplied while the group ill 
element containing Al is on the top surface of the 
substrate, the thermal decomposition of NH3 is promoted. 
By this method, the introduction efficiency of nitrogen 
is especially improved. The special improvement in 
introduction efficiency of nitrogen will be described in 
more detail with reference to Figure 6. 

First in step A of Figure 6, the substrate is 
exposed to TMGa and TMAl capable of supplying Ga and Al, 
the total thiclcness of Ga and Al being equal to or less 
than the thickness of one atomic layer. The group III 
atom may be supplied in an any amount as long as a thickness 
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thereof le equal to less than the thickness of one atomic 
layer. In the case where an organic metal compound such 
as, for example* TMGa or TMAl is used as a group III source 
material, an atomic layer epitaxy mode may be used, by 
S which the growth stops automatically when the group III 
element is grown to the thickness o£ one atomic layer. 
Next, in step B, NH^ is supplied. The supply time is 
controlled so that nitrogen is introduced in such an 
amount to provide a nitrogen-mix crystal ratio in solid 

10 phase of 5% {nitrogen-mix crystal ratio z = 0.05). By 
supplying NHg in the state where the group III atoms 
containing active Al are exposed to the surface of the 
substrate, the adsorption/decomposition of NH^ is 
promoted by a reaction at the surface. If AsHg is supplied 

15 concurrently with NH3, the surface of the substrate is 
quickly covered with As atoms , which have a lower 
decomposition temperature and thus are more easily 
adsorbed than NH3. As a result, the probability of the 
decomposition reaction of NHg at the surface is reduced. 

20 In step C, ASH3 is independently supplied, thereby 
terminating the group III atoms, having no nitrogen on 
the substrate surface adsorbed thereto, with arsenic . 
AsHa is supplied in step C in an amount corresponding to 
0.95 of an atomic layer- As is adsorbed only to the group 
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III atoms which have not been tended with nitrogen atoms 
on the surface of the substrate, and the other extra 
portion o£ As leaves without being adsorbed since no group 
III atoms are available to react. The nitrogen atoms 
5 already chemloally adsorbed in step B have very large Ga-N 
and Al-N bonding energies. Therefore, these nitrogen 
atoms are not substituted with the As atoms supplied after 
the nitrogen atoms. Each time the proces^ including 
steps A through C is performed onae, an AlGaAsN layer 
10 having a thickness of one molecular layer or less is formed. 
For growing a thick layer, this process is repeated a 
plurality of times. 



While a compound containing arsenic and nitrogen 
15 as group v elements (for example, GaAsN) is crystal -grown, 
the compound is easily phase-separated into an arsenic 
compound (GaAs ) and a nitrogen compound (GaN) . Therefore, 
it is difficult to grow a crystal containing arsenic and 
nitrogen uniformly mixed together. By supplying an 
20 arsenic source material and a nitrogen source material 
with a time delay therebetween as in this example, neither 
interference nor competition between the arsenic atoms 
and the adsorption site of the nitrogen atoms occurs . As 
a result, a crystal containing arsenic and nitrogen 
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randomly mixed Is formed* In other words, by supplying 
only a nitrogen source material to a surface at wnich 
active group III atoms, generated by adding an aluminum 
source material, are exposed, the decomposition 
efficiency and the introduction efficiency of the 
nitrogen source material are significantly improved 
without causing competition between the adsorption site 
of the nitrogen atoms and the arsenic atoms . 

Regarding the plane orientation of the substrate, 
in light of the above-described functions of this example, 
a group III plane and a group V plane can be alternately 
exposed, A {100} plane and a plane obtained by inclining 
the {100} plane at 2 to 15 degrees are preferable. 

In this example, the supply ajnounts of the source 
materials are controlled in terms of the supply amounts 
per unit time and the supply time. The supply amount of 
the source materials are unquestionably better controlled 
by controlling the supply sequence while monitoring the 
vibration phase of the reflection high energy electron 
beam diffraction (RHEED)- In addition, a wait time (a 
time period in which no material is supplied) may be 
provided after each source material is supplied in order 
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to expel the remaining material. It is eapeoially 
preferable to provide a wait time after supply of a group 
V material, which is supplied in a relatively large amount 
per unit time. 

In this example , an AlGaAs / AlGaNAs / AlGaAs 
structure was produced. The upper and lower barrier 
layers may be formed of AlGaAs^ containing GaAs, having 
a different Al-mix crystal ratio, GalnP, InGaAsP, AlGalnP 
or other materials. 

(Example 16) 

In this example, a semiconductor laser 100 shown 
in Figure 7 having an oscillation wavelength of 1.3 jxm 
was produced. The wavelength of 1.3 ^m, at which the 
dispersion in wave-length of a quartz -based optical fiber 
is at a minimum, is important in optical communications 
using an optical fiber. The semiconductor laser 100 
Includes an n-type GaAs substrate (300 fjtm) 11, an n-type 
GaAs buff er layer {0*5 \m) 12, an n-type Alo.asGao.ejAs lower 
cladding layer (1 \xm) 13, a non-doped Alo.o5Gao,9sAs guide 
layer (0.1 fim) 14a, a non-doped Alo.asGao.^^Ino.aiNo.oisASo.scs 
well layer (compression strains 2%; 6 nm) 15, a non-doped 
Alo.flsGacssAs guide layer (0*1 [Jtm) I4b, a p-type Alo.ssGao^^sAs 
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upper Gladding layer (1 |Jim) 16, a p-type GaAs contact 
layer (0.5 \im) 17, and a polyiiaide current constriction 
layer 18. The layers 12 tHrough 17 are laminated on the 
GaAs substrate 11. The semiconductor laser loo also 
Includes an AuGe electrode metal 19a and an AuZn electrode 
metal 19b interposing the laminate* 

Hereinafter, a method for forming a compound 
semiaonductor layer In this example will be described* 
The method is different from the conventional methods in 
that an appropriate amount of Al source material Is added 
during the crystal growth of a quantum well layer in this 
example . 

An MBE apparatus containing a Ga source materials 
an In source material, an Al source material and an As 
source material as solid sources, and NH3 (ammonia) as a 
gas source was used. The substrate II was irradiated with 
a molecular beam of each source material while maintaining 
the temperature of the GaAs substrate 11 having a {100} 
plane as a principal plane at 6O0''C, thereby performing 
crystal growth. Thus, a multi-layer film Including the 
buffer layer 12, the lower cladding layer 13, the guide 
layer 14a, the well layer 15, th© guide layer 14b, the 
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upper Cladding layer 16, and the contaat layer 17 was 
produced. NH3 as tlie gas source was supplied iDy 
performing cracking using alumina. As dopants for 
controlling conductivity types, solid Si was used for 
5 doping with Si/ and solid Be was used for doping with Be, 
The growth rate was set to be 0*5 jJim/time^ All the 
necessary source materials were concurrently supplied for 
growing each layer. Especially in producing an AlGalnNAs 
layer as the well layer 15, Al and NH, were concurrently 
10 supplied. 

After the multi-layer- film was crystal-girown "by 
the MSB method, the contact layer 17 and a part of the 
upper cladding layer 16 were etched into a stripe having 
a width of 3 jxm, thereby forming a ridge -type waveguide 
structure* On side surfaces of the ridge, the current 
constriction layer 18 of polyimlde was formed* Then, the 
upper and lower electrodes 19a and 19b were formed- Thus , 
the semiconductor laser 100 was produced. 

The semiconductor laser 100 produced in this 
manner oscillated at room temperature at an oscillation 
threshold current of 20 mA to emit light having a 
wavelength of 1.3 jxm. The characteristic temperature 
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was ISO K* As a result of performing an agxng test at 
80*'c ana 10 mW, the semiconductor laser device was 
confirmed to. stably operate for SOOO hours or more. 

When mix-crystalllzlng Al with a 6ao,7lno.aNo.oiASo.« 
well layer which emits light having a wavelength of 1 . 3 yua, 
expansion o£ the forbidden band caused by the mix- 
crystallization of Al can be cancelled so as to maintain 
the oscillation wavelength (at 1.3 jxm) by increasing the 
nitrogen and indium-mix crystal ratios. Figure 8 shows 
the relationship between the Al-mlx crystal ratio x and 
the conditions of the nitrogen and indium-mix crystal 
ratios required to maintain the wavelength at 1.3 \im. It 
can be appreciated from Figure 8 that when, for example, 
the Al--mlx crystal ratio x is 0.05 as In this example, 
the nitrogen -mix crystal ratio needs to be increased to 
about 1.36 times higher than the case in which Al is not 
mix -crystallized. 

In this example^ Alo.ssGao.ssAs was used for the 
cladding layers, and Alo^oaGao.ssAs was used for the guide 
layers. The cladding layers, the guide layers and the 
barrier layers may be formed of a material which can be 
represented as AlttGa^Ini.jti.iASjPi.j (h^O,l>0, 3^0), for 



- 46 - 



98R00651 



exampXe, AlGzU^s, containing QaAs , having a different 
Al-mix crystal ratio, GalnP, InGaAaP^ AlGalnP or other 
materials, since these materials have an optimum growth 
temperature in the optimum growth temperature range for 
5 AlGalnNAs used for the well layer. 



(Comparative example 15) 

A semlaonductor laser for emitting light having 
a wavelength of 1.3 \im was produced in a similar manner 

10 to that of Example 16 except that the well layer 15 in 
Figure 7 was formed of Gao,7lno.3No.oiASa.„ which does not 
contain Al and that crystal growth was performed at a 
growth teiciperature of 500*C In ordei: to introduce nitrogen , 
In this case, the oscillation threshold was 65 mA and the 

15 characteristic temperature was 105 K, which were inferior 
to those of the semiconductor laser device in Example 16, 
The reason is that when Al Is not contained in the well 
layer ^ crystal growth needs to be performed at a 
temperature which is relatively low as the growth 

20 temperature of a group lil-v compound, in order to 
introduce nitrogen* It is considered that the crystal 
of the well layer did not have satisfactory crystalllnlty 
and thus sufficient optical gain was not obtained due to 
such a low growth temperature* 
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Ficrure 9 is a graph illustrating the oscillation 
threshold current of the i^iemlconduator laser in Example 
16 having an Al-mix crystal ratio of 0 - OS in the well layer, 
and semiconductor lasers having a structure similar to 
that of the semiconductor laser in Example 16 except 
having an Al-mix crystal ratio ofO, o.02, 0*1, 0*15, 0.2 
and 0*25 in the well layer. For each semiconductor laser, 
the nitrogen-mix crystal ratio and the indium-mix crystal 
ratio were adjusted in accordance with the relationship 
shown m Figure 8 in order to maintain the oscillation 
wavelength at 1*3 \xm* For the device having an Al-mix 
crystal ratio of zero, crystal growth was performed at 
a growth temperature of 500*^C in order to introduce 
nitrogen* 

Xn general, when nitrogen is mix- crystallized 
with an arsenic compound, the crystallinity is 
drastically deteriorated as the nitrogen -mix crystal 
20 ratio increases, Howeve:r, the devices produced by the 
method of the present invention with an Al-mix crystal 
ratio in the range of 0 • 02 to 0 * 20 exhibited an oscillation 
threshold current lower than that of a device produced 
with an Al-mix crystal ratio of zero, despite the 
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increased nitrogen-mix crystal ratio as the Al-mix 
crystal ratio increaeed* The devices produced with an 
Al-mlx crystal ratio in the range of 0.02 to 0,10 were 
especially superior with an oscillation threshold current 
being half or less of that of a device produced by the 
conventional methods. A device produced with an Al-mix 
crystal ratio x of 0 • 25 exhibited an oscillation threshold 
current which was higher than that of a device produced 
by the conventional methods . As can be appreciated from 
Figure 8, the nitrogen-mix crystal ratio in the well layer 
of the device produced with an Al-mix crystal ratio x of 
0.25 was about three times higher than that of the device 
produced with an Al-mix crystal ratio of zero. Such a 
deterioration in the cryetalllnity caused by an increase 
in the nitrogen-mix crystal ratio resulted in a decline 
in the device characteristics. 

In Example 16, the semiconductor laser for 
emitting light at a wavelength of 1.3 fjim was produced, 
The oscillation wavelength is not limited to 1.3 fim, but 
can be arbitrarily selected to be, for example, 1.2 \im 
or 1-5S Jim in accordance with the Intended application - 
In this example^ a surface emission semiconductor laser 
having a Fabry- Perot resonator is described. A 
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distributed feedback semiconduator laser, a distributed, 
reflection semiaonductor laser ^ a vertical resonator 
surface emission laser, or a light -emit ting diode, for 
escample, can be similarly structured. As the active 
layer ^ a strained quantum well active layer having a 
compression strain was described. The direction and 
amount of strain can be airbitrarily selected, a?he active 
layer may be a bulk active layer, a quantum fine line active 
layer, or a quantum box active layer. 

{Example 17) 

A multi-layer film having a structure shown in 
Figure 1 was produced in a similar manner to that of Example 
1 except that the upper barrier and the lower barrier layer 
were formed o£ Gae,j,iIno.*j,P which is lattice -matched to the 
GaAs substrate and that the substrate temperature was set 
to be 600*'C. The substrate temperature was kept constant 
while crystal growth was performed to form the multi- 
layer film. 

(Example 18) 

A mult i- layer film having a structure shown in 
Figure 1 was produced in a similar manner to that of Example 
1 except that the upper barrier and the lower barrier layer 
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were formed of ( Alo.3Geio.7)o*s^n(,.sP wtxloh Is lattice-matched, 
to the GaAs substrate and that the substrate temperature 
was set to be 600**C. The jpubstrate temperature was kept 
Gonstant while crystal growth was performed to form the 
mult i- layer film. 

(Ex^u[lple 19) 

A mult ±- layer film having a structure shown In 
Figure I was produced in a similar manner to that of Example 
1 except that the upper barrier and the lower barrier layer 
were formed of Ino.43Gao,57ASo,2Po,e which is lattice-matched 
to the GaAs substrate and that the substrate temperature 
was set to be 60 0*C. The substrate temperature was kept 
constant while crystal growth was performed to form the 
multi-layer film. 

In the single quantum well in Examples 17 through 
19* the photolumineacence light emission intensity from 
the Alo.osGc^o^ftsNo.oisASq^oflj, well layer was substantially equal 
to that in Examples 1 through 16 in which the barrier layers 
were formed of AlGaAs. 

In all of the above examples, an appropriate 
material is usable as the Ga source material. In source 
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material, Al source mater±a.l and As sourae material. For 
example, usable Ga source materials induce organic metal 
compounds such as^ for example, metal Ga, TMGa and TBGa 
(triethyl gallium) and chlorides such as^ for example, 
6aCl3. Usable In source materials include, for example, 
organic metal compounds such as, for example, metal In 
and TMIn. Usable Al source materials include, for 
example, organic metal compounds such as, for example, 
metal Al and THAI, Usable As source materials include, 
for example, organic metal compounds such as, for example, 
AS4 and As^ obtained from metal As and TMAs (trimethyl 
ar-sine), and hydrides such as, for example, AsH^, 

In the above examples, ammonia is used as a 
nitrogen source material • The effect of the 

decomposition of the source material being promoted at 
the surface of an active crystal containing Al can be 
similarly provided by other nitrogen source materials 
including ammonia and organic compounds thereof 
represented by* 
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R3 



or hydxazlne and organio compounds thereof, represented 
by* , 



In tlio above fonuuXas, R^, Rj, Rg and are each hydrogen 
or a lower alkyl group. Alternatively, a nitrogen 
compound containing nitrogen atoms which are radical - 
excited is usable as the nitrogen source material. 
According to the present invention* these materials can 
be crystal- grown at a higher temperature than in the 
conventional methods, and thus nitrogen atoms can be 
introduced with high efficiency. The source materials 
to be supplied may contain indium (In) as a group III 
element and phosphorus (P) as a group V element. 
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Specifically, since In has a high pressure when vaporized 
and is easily thermally evaporated, concurrent addition 
of Al and In is convenient since it provides another effect 
of suppressing thermal evaporation of In* 

5 

In the ahove examples, compound semiconductors 
appropriately containing Ga, In and Al as group III 
elements and As and N as group V elements are shown ♦ Other 
group III elements (for example, B), other group V 
10 elomenta (for example, Sb and P), and impurity elements 
(for example, Zn, Be, Mg, Te, S, Se and Si) can be 
appropriately contained* 

In all of the above examples, GaAs is used as the 
15 material for the substrate. The material for the 
substrate is not limited to GaAs, Other materials can 
be used to provide similar effects* For example, other 
group IIl-V compound semiconductor substrates such as an 
InGaAe substrate, group I I -VI compound semiconductor 
20 substrates such as a ZnS substrate, and group IV compound 
semiconductor substrates such as a Ge substrate are 
usable- 

In the above examples, the MBE method and the CBE 
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method are used as the method for arystal growth. An 
MO-MBE (metal organic molecular beam epitaxy) method^ a 
GS-MBE (gas source molecular beam epitaxy) method^ an 
MOCVD method, a hydride VPE method, and a chloride VPE 
method can be used to provide similar effects. 

Throughout this specification, the term "upper" 
refers to a position farther from the substrate, and the 
term "lower" refers to a position closer to the substrate. 
Crystal growth proceeds in the direction from "lower** to 
"upper" . 

The present invention is not limited to the 
above « described combinations of crystal composition, 
band gap wavelength, and hetero junction. Needless to 
say, the present invention is applicable to production 
of a group III-V compound semiconductor mixed-crystal 
having other compositions and bandgaps, which contains 
both nitrogen (N) and arsenic (As) as group V elements* 
The present invention is not limited to a structure in 
which the grown layers are lattice -matched to the crystal 
of the substrate. The grown layers may contain a material 
which is lattice-mismatched to the crystal of the 
substrate so long as crystal defects are not induced. For 
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example, a strained quantum well structure of a 
semiconductor laser can be used. 

INDUSTRIAL APPLICABILITY 

The present invention provides a method for 
forming a compound semiconductor formed of group III-V 
semiconductor materials containing group III-V compound 
semiconductors which contain arsenic as a group V element, 
and also containing nitrogen mix- crystallized therewith, 
and epecifically a method for forming a crystal having 
satisfactory light emission characteristics- More 
specifically, even when the growth temperature is 
increased to be substantially as high as the optimum 
crystal growth temperature for AlGaAs or the like, a 
sufficient amount of nitrogen can be mix-crystallized. 
Accordingly, a method for forming a compound 
semiconductor layer which 1b convenient to a structure 
for light emitting devices , including semiconductor 
lasers can be provided. In addition, a compound 
semiconductor device having superb characteristics can 
be provided by applying the formation method of the 
present Invention* Especially, a compound semiconductor 
film having crystallinity and light emission 
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Characteristics which are sufficient for a light emission 
layer of a light emitting device can be produced. Thus, 
a device having superb light emission characteristics, 
light emission efficiency^ and device life can be 
provided • 
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CLAIMS 



1- (Amended) A method., for forming a compound 
semiconductor layer/ comprising the stop of crystal- 
growing a group II I -V compound semloonductor layer 
containing at least nitrogen and arsenic as group V 
elements on a single crystal substrate, 

wherein the step of crystal -growing the compound 
semiconductor layer includes the step of supplying an 
aluminum source material to the single crystal substrate 
concurrently with a nitrogen source material • 



2. A method for forming a compound semloonductor layer 
according to claim 1, wherein an aluminum-mix; crystal 
ratio in a group III element in the compound semiconductor 
layer is 0.02 or higher. 

3. A method for forming a compound semiconductor layer 
according to claim 1, wherein the step of crystal- growing 
the compound semiconductor layer is performed at a 
temperature of the single crystal substrate in the range 
of 500^*0 or higher and 750^*0 or lower. 
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4. A method for forming a coxapouna semiconductor layer 
according to claim 1 , wherein the nitrogen source material 
contains 



^1 Rt R3 

or .N-N, 



R3 Ra 



Where R^, Rg,^ Ra and R4 are hydrogen or a lower alkyl group. 

5. A method for forming a compound semiconductor layer 
according to claim 1, wherein more than 0% and le^s than 
50% of the crystal growth surface o£ the compound 
aomiconductor layer Is covered with group V atoms. 

6, A method for forming a compound semiconductor layer 
according to claim 1# further comprising the step of 
crystal-growlng a layer formed of AlaGailni,j,.i^Aa^Pi.-j (h at 
.0, l>Ofj:feO)on the single crystal substrate^ wherein 

the step of crystal- growing the compound semiconductor 
layer and the step of growing the crystal formed of 
AlfcjGailni.i^.iASjPi.j are performed at the same temperature. 
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7, A method for forming a compound semlaonductor layer 
aacording to claim 6, wherein the step of arystal-* growing 
the compound semiconductor layer As performed after the 
step of crystal- growing the layer formed of Al^GQ.^ln^^^, 

8. A method for for^ning a compound semiconductor layer 
according to claim 6^ wherein the step of crystal -growing 
the compound semiconductor layer is performed before the 
step of crystal- growing the layer formed of AlhGailn^.^. 



9 . A method for forming a compound semiconductor layer 
according to claim 1, wherein the compound semiconductor 
layer further contains indium • 



1 0. (Amended) A method for forming a compound semiconductor layer, 
comprising the step of crystal-growing a group III-V compound semiconductor layer 
containing at least nitrogen and arsenic as group V elements on a single crystal substrate, 

wherein the step of crystal-growing the compound semiconductor layer 
includes the step of supplying a nitrogen source material to the single crystal substrate so 
that the nitrogen source material interacts with aluminum at least on a crystal growth 
surface of the compound semiconductor layer. 
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aluminum source material to the single crystal substrate 
concurrently with a nitrogen source material. 

11 • A method for forming a compound demlconduotor layer 
5 according to claim 10, wherein an aluminum-mix crystal 

ratio in a group III element in the compound semiconductor 
layer is 0*02 or higher • 

12 • A method for forming a compound semiconductor layer 
10 according to claim 10, wherein the stop of crystal-growing 

the compound semiconductor layer is performed at a 
temperature of tlie single crystal substrate In the range 
of SOO^'C or higher and VSO^'C or lower - 



15 13 . A method Cor forming a compoimd semiconductor layer 
according to alalm 10, wherein the nitrogen source 
material contains 



20 



R2^ ^R3 Ra R4 



where R^^ R,, R, and R^ are hydrogen or a lower alkyl group* 
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14. A method for forming a compound fiftmlaonductor layer 
according to claim 10 # wherein more than 0% and less than 
50% of the crystal growth sxirfaoe of the compound 
semiconductor layer is covered with group V atoms • 

15. A method for forming a compound semiconductor layer 
according to claim 10, further comprising the step of 
arystal- growing a layer formed of Alj,6aiIni_i,-iASjPi,,3 (h fc 
^^i>0, jfcO)on the single crystal substrate, wherein 
the step of crystal-growing the compound semiconductor 
layer and the step of growing the crystal formed of 
AlhGatln^^^^i^ASjjPi.^ are performed at the same temperature* 

16 • A method for forming a compound semiconductor layer 
according to claim 15, wherein the step of crystal -growing 
the compound semiconductor layer is performed after the 
step of crystal -growing the layer formed of Al^^Ga^^In^.i^. 
lAs jPi.^ • 

17, A method for forming a compound semiconductor layer 
according to claim 15, wherein the step of crystal -growing 
the compound semiconductor layer is performed before the 
step of crystal -growing the layer formed of AluGailni^^^ 
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18. A method for forming a compound eemiaonductor layer 
Mcording to ola±m 10 ^ wherein the compound semiconductor 
layer further contains indium. 

19* A method for forming a compound semiconductor layer, 
comprising the step of crystal -growing a group III-V 
compound semiconductor layer containing at least nitrogen 
and arsenic as group V elements on a single crystal 
substrate, 

wherein the step of ci^fstal- growing the compound 
semiconductor layer includes the step of supplying a 
nitrogen source material to a crystal surface of the 
compound semiconductor layer in a state where the group 
III atoms containing aluminiam are exposed to the crystal 
surface. 

20. A method for forming a compound semiconductor layer 
according to claim 19* wherein an aluminum-mix crystal 
ratio in a group III element in the compound semiconductor 
layer is 0.02 or higher. 

21. A method for forming a compound semiconductor layer 
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aoGording to claim 19, wherein the step of crystal- growing 
the compound semiconductor layer is performed at a 
temperature of the single "crystal substrate m the range 
of 500^*0 or higher and 750'C or lower. 



according to claim 19, wherein the nitrogen source 
material contains 



where R^, R^, and are hydrogen or a lower alkyl group- 

23 , A method for forming a compound semiconductor layer 
according to claim 19, wherein more than 0% and less than 
50% of the crystal growth surface of the compound 
semiconductor layer is covered with group V atoms* 

24, A method for forming a compound semiconductor layer 
ttocording to claim 19, wherein the step of crystal- growing 
the compound semiconductor layer further includes the 



22- A method for forming a compound semiconductor layer 
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step of supplying a group III source material containing 
aluminum and the step of supplying an arsenic source 
material^ wherein a process sequentially including the 
step of supplying the group III souroe material, the step 
of supplying the nitrogen sotarae material, and the step 
of supplying the arsenic source material is performed at 
least once« 

25 . A method for forming a compound semiconductor layer 
according to claim 24, wherein the single crystal 
substrate has a {100} plane as a principal plane. 

26 . K method for forming a compound semiconductor layer 
according to claim 19, further comprising the step of 
crystal-growing a layer formed of AlaGaj^Ini^h^iAs^P^.^ (h 
0, i>0, jajiO)on the single airystaxl substrate, wherein 
the step of crystal- growing the compound semiconductor 
layer and the step of growing the crystal formed of 
AljjGailni.a-i-ASaPx-d performed at the same temperature, 

27. A method for forming a compound semiconductor layer 
according to claim 26, wherein the step of crystal -growing 
the compound semiconductor layer is performed after the 
step of crystal- growing the layer formed of AljjGai^Ini._ii. 
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28 , A method for forming a compound eemlconduotor layer 
according to claim 26, wherein the step of crystal-growing 
the compound semiconduator layer is performed before the 
step of crystal-growing the layer formed of Alt^Ga^Iiii^n, 

29^ A method for forming a compound semiconductor layer 
according to claim 19, wherein the compound semiconductor 
layer further contains indium. 

30. (Amended) A compound semiconductor apparatus, 
comprising at least one group III-V compound 
semiconductor layer containing at least aluminum as a 
group III element and containing at least nitrogen and 
arsenic as group V elements. 
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31. (Ameafied) A aompound semiconductor aipparatus 
aoeordlng to claim 30 , wherein the compound semiaonductor 
apparatus Is a light emitting device including at least 
a light emitting layer, and the light em±tting layer 
includes the compound semiconductor layer, 

32 . (Added) A compound aemloonductor apparatus according 
to claim 31, wherein the light emitting layer is formed 
of Aa,6ayIni.„,^»ASt., (0 < x, y, a < i), wherein an Al-mix 
crystal ratio x in the light emitting layer is 0.02 or 
higher and 0.20 or lower. 



33 , (Added) A compound semiaonductor apparatus according 
to claim 31 or 32, wherein the light emitting .device 
further includes a claddUig layer, a guide layer andyor 
a harrier layer formed of filJSa.^lnj,,^.jLajP^.^ (h * 0, i > o, 

d 0). 
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ABSTRACT 



Includes the step q£ crystal- growing a group III-V 
compound semiconductor layer containing at least nitrogen 
and arsenic as group V elements on a single crystal 
substrate. The step o£ crystal-growing the compound 
semiconductor layer includes the step of supplying a 
nitrogen source material to the single crystal substrate 
so that the nitrogen source material interacts with 
aluminum at least on a crystal growth surface of the 
compound semiconductor layer. Thus , a method is provided 
for forming a group III-V compound semiconductor layer 
containing a group III-V compound semiconductor 
containing arsenic as a group V element and also 
containing nitrogen mix- crystallized therewith, which 
has superb light emission characteristics. 
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Undefth* Pitp«fwor^ ReducSon Act of 1 0dS, m) p«rw« n r«qulr«d ta rMporKi to a ool«cU^ 



Approved fbfuw through 9/30/98. OWBo^i?i?2 
«nd Tr»d4m«k OfrU:a: U.S. DEPARTMEm" OF COWM^ 



Japanese Language Declaration 



SU-CVN^«ffaj3«;tt 3 6 5 (a) gficS-f < SS^fflJB. X 



Rrior Foreign Appllcatlon(3) 

10-259015 

(Number) 
(»^) 

(Number) 



Japan 



(Country) 



(Country) 

ca^) 



JR3 5i85ftHSAl 1 9*(e)^lcSv>-CTJ£(73* 



(Application No.) 



(Filing Date) 
(ffiSB) 



\iffi:<j*!i^i3 6 5 ^fe(c) icaEr<a*Jticfcis5u4t. * 

fc. *:a3iatfO*l**Kia<?DF^«Pi53feHfe*aK3 sail 2^ 



(Application No.) 
(ffilBS^) 



(Application No.) 



(Filing Date) 
(ffllSB) 

(Filing Date) 
(tBSB) 



I hereby cUlm foreign priority under Trtle 38, Unfted States Code. 
Section 119 (a)^d) or 365(b) of any foreign appncatton(s) for patent 
or Inventor** certificate, or 365(a) of any PCT International 
application wtiich designated at least one country other than the 
United SUtes, listod tMlow and have also identified below, by 
checking the box, any foreign application for patent or Inventor's 
certificate, or PCT International application having a filing date 
before that of the application on \whlch priority i« cUinicd. 

Priority Not Claimed 
11.. September 1998 «ife««^35<tL 
(Day/MonthA^ear Filed) ° 



(Day/MonthA'ear Filed) 

imm^n B) ° 

I hereby claim the benefrt under Title 35, United States Code. 
Section 119(e) of any United States provUionat app)kation(s) listed 
below. 



(Application No.) 
(WIS*^) 



(Filing Date) 
(tBSH) 



1 hereby claim the benefit under Title 35, United States Code, 
Section 120 of any United States application (s), or3S5{c) of any 
PCTIrttemational application designating the United States, listed 
below and, insofar as the subject matter of each of the claims of 
this appHcatton is not disdosed In the prior United States or PCT 
international application in the manner provided by the first 
paragraph of Title 35, United States Code Section 112, t 
acknowledge the duty to disclose Information which Is material to 
patentability as defined In Title 37, Code of Federal Regulations, 
Section 1.59 Which becarrw available (between the filing date of the 
prior application and the national or PCT international filing date of 
application. 

(Status: Patented. Pending, Abandoned) 

(Status: Patented, Pending, Abandoned) 

\ hereby declare that all statements made herein of my own 
knowledge are true and that all statements made on Information 
and belief are believed to be true; and further that these 
statements were made with the knowledge that willful false 
statements and the like so made are punishable by fine or 
imprisonment, or both, under Section 1001 of Title 18 of the 
UnHed States Code and that such willful false statements may 
jeopardize the validity of the application or any patent issued 
thereon. 
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^ . for through 9CC^^ 

Under thi Paperwork Rsductlon Act of 1 no p«on» mm mqulrtd to r»«pond to a coflaction of kifomwUcn uiil^ il!^* 



Japanese Language Declaration 



«>ttTIB<Oj*?qifiLr. ^matCMtS-aO power of attorney: A« a named Inventnr i k., v 

appncation and transact all buxintss in ihm PaUnt and Tri»H 

»eng(KegNo..43^3) Richard H. LUlcy (Reg No^42,803) 

Thomas D. Mays ^eg NcJm^^ 
Philip A. Morin (Reg No. P:45^2^6) 
Catherine M. Polizzi (Reg NoJO.130) 



Sanjay S, Bagade (Reg No._42,25Q]u Elaine K. Lee (Reg No. 41,936L 
Richard R. Bait (Reg No. 43.485^ - 



Kimberly A. Bolin (Reg No. ^454^) 
Barry E. Bretschncidcr (Reg NcJiSjOS^ 
Nicholas Buffingei (Reg No.J2a24) 
.Robcxt K. Cerpa (Reg No.Jj2^) 

Thomas Chiiang (Reg Ko,^P:44gl6X- 
Matthew M. D'Amore (Reg NOj.42453^ 
Stephen C. Duraut (RegN0;_31JQ$) 
Hector Gailcgos (Reg No. 40^614) 
Kenneth. R. Glick (Reg No. 28.612^ 
Charles D. Holland (Reg No.J5.196) 
Madeline I. Johnston (RegNo.J^Jj^ 
Ararat Kapoirytian (Reg No. 40,044) 



David C, Lundmark (Reg No,,^,ll5) 
Gladys a Monroy (Reg liqJZMS) 
Kate a Murashige (Reg Ng ^9,959) 
William C. Rcvelos (Keg No. 42.101) 
• Robert Saltzbcrg (Reg NojS;S5~~ 
■ Kevin R, Spivak ^eg NoJtU^i 
' Thomas G. Wiseman (Reg t^iqJiSjm) 
Karen R. Zachow (Reg No,Jfi^^ 
Brwin J. Basinski (Reg N o. 34>773 ) 
Frank P. Becking (Reg No._4239) 
Timothy J. Bortree (Reg No^a^SDiQ 
Tyler S. Brown (RegNoJi6,46SL 
Mark R. Carter (JUsg No. 39,1313 



Peng Cheng (Reg N o. 43.543J ) 
Thomas E. Ciotti (Reg No.J2a,fll3) 
R^ S. Dave (Reg N o. 42,465 ) 
Carolyn A. Favorito ^eg No. SgJJS) 
Debra J. Glaister (Reg No..a3^) 
Franklin Y. Han No^4l^) 
Peter Hsieh (Reg No. Pd43fl} 
Richard D. Jordan (RcgNo^^Bj^Slg) 
Kawai Lau (Reg No^^M^i)- 



Paul J. Riley (Reg No. 3Ji59S) 
Dchra A. Shetfca (Reg %J3JflS!) 
E. Thomas Wheelock (Reg No^28^825) 
Frank Wu (Reg No^H^SSlJ 



Morrison & Foerster, LLP 



u 




Direct Ttlephorw Calls to: (/jam* */>rf te/flpAone numbet) 

Thomas E. Ciotti 

. Morrison & Foerster, LLP 
(650) 813-5702 






^ Full n«iT» of 8ol« or JJret Inventor ■ 

1 ~ 60 .Ko-|j. TAKAHASHI 










Resldance ^ 

JCenxi-shi, Nara Japan "n^r^x^ 


yi 


^ ^ isi-Li::^ 

Citizenship 

Japan 






Post Office Address 

850, Raport Tenri, 2613-1, 




Ichinomotocho, Tenr±-shl, Nara Japan 






FuU name of s«cand joint inventor. If any 

Bldenori KAWANISHI 






Second Inventor's signature Date 

O dioiiiAUPU ICa ^jO^ywJvx ' /d/^/^o'l 






R»sidenc« 

ilaxa^ixl,, Nara Japan ^S?r^ 




an. 


Citizenship 

Japan 






Port Office Address 

3-413, Nachur agaden Takanohar a , 




6-6-1, Jingu, Nara-shi, Nara Japan 




(S?HaK(7D?tf313591*iC:-3V^Ttf3ia?lC:l£JaL. ^^^i* (Supply similar Infonnatlon and signatur. forthird arvd subsequent 
^ ^ ^ ^ Joint Inventors.) 
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